Cell-free extracts of eighteen fermentative and nonfermentative Mollicutes were examined for enzyme activities associated with the hexose monophosphate shunt (HMS) and EmbdenMeyerhof-Parnas (EMP) pathway. All Acholeplasma spp. had glucose-6-phosphate (G6P) dehydrogenase (EC 1.1.1.49), 6-phosphogluconate (6PG) dehydrogenase (EC 1.1.1.44) and hexokinase (EC 2.7.1 . 1) activity, Of these three enzyme activities, hexokinase was also detected in Mycoplasma sp. Let. 1 but in no other fermentative or nonfermentative Mycoplasma spp. The Acholeplasma and fermentative Mycoplasma spp. possessed all other HMS and EMP activities examined. All Acholeplasma spp. possessed a pyrophosphate (PPi)-dependent phosphofructokinase (PFK) (EC 2.7.1 .90) while fermentative Mycoplasma spp. possessed an ATP-dependent PFK (EC 2 . 7 , l . 11). Transaldolase (EC 2.2.1.2) activity was detected in some, but not all Acholeplasma and fermentative Mycoplasma spp. 2-Deoxyribose-5-phosphate aldolase (EC 4.1 .2.4) activity was present in all mollicute extracts tested except for Mycoplasma gallisepticum and Mycoplasma sp. Let. 1. The two nonfermentative Mycoplasma spp. lacked all enzyme activities of the HMS pathway except for ribulose-5-phosphate epimerase activity, and of the EMP pathway only phosphoglucose isomerase and the enzymes converting glyceraldehyde 3-phosphate (G3P) to phosphoenolpyruvate (PEP) were detected. We believe that the three major observations of this study are : (1) all Mycoplasma spp. lack G6P and 6PG dehydrogenase activities, suggesting a reduction in their NADPH pool, which may relate to the lipid growth requirement of this genus; (2) the fermentative Mycoplasma spp. have an ATP-dependent PFK activity, while the fermentative Acholeplasma spp. have a PPidependent PFK activity; and (3) the nonfermentative Mycoplasma spp. lack ATP and PPidependent PFK and fructose-176-bisphosphate aldolase activities but, like the fermentative Mollicutes, can convert three-carbon compounds, G3P to PEP through the three-carbon arm of the EMP pathway.
The studies of Rodwell (1960) , and then Mitchell & Finch (1977 , Neale et al. (1983) and Cocks et al. (1985) have demonstrated a connection between glycolysis and nucleic acid metabolism in Mycoplasma mycoides subsp. mycoides. Cocks et al. (1985) found that the mollicute Ureaplasrna urealyticum was similar in many, but not all, respects to M . mycoides subsp. mycoides. Our own studies with other Mollicutes have indicated that there are significant distinctions between the Acholeplasma and Mycoplasma genera, and also between species in the Mycoplasma genus (McElwain & Pollack, 1987; Manolukas et al., 1988) . The metabolic differences detected between fermentative and nonfermentative Mycoplasma spp. may serve as markers when investigating their phylogenetic relationships. To determine how general these metabolic differences are within and between the genera, as well as to continue to catalogue the putative essential proteins within the class, we studied eighteen Mollicutes from the genera Acholeplasma and Mycoplasma for the presence of and differences in their Embden-MeyerhofParnas (EMP) pathway and hexose monophosphate shunt (HMS).
METHODS
Organisms andgrowth conditions. The organisms and media used in this study are listed in Table 1 . All organisms were grown statically at 37 "C for 18-72 h (mid-exponential phase) except for M . hyopneumoniae which was grown with constant shaking at 36 "C for 3-5 d. M . pneumoniae and M . genitalium were grown attached to glass or plastic tissue culture flasks under < 1 cm of medium.
Preparation of cell extracts. The cells were harvested and washed by centrifugation and then lysed in kappa buffer by osmotic shock, or by explosive decompression in a Parr-Bomb (Pollack, 1975) . The lysates were centrifuged at 225000g for 1 h at 4 "C. The supernatant (cell-free extract) was used in all of our experiments. In preliminary studies, A . laidlawii B-PG9 extracts were tested before and after dialysis in three to four changes of 200 vols 10 mM-HEPES/NaOH, pH 7.4, 1 mM-MgC1, at 4 "C. We assayed for 12 different enzyme activities and detected essentially no difference in specific activities between dialysed and undialysed samples. Therefore, we did not dialyse our extracts in subsequent experiments.
Enzyme assays. Cell-free extracts of each organism were tested for 21 enzyme activities associated with the HMS and the EMP pathway. The reaction mixtures were monitored spectrophotometrically and contained 5 x lo-'-1.5 x lo3 pg cell-free protein in a final volume of 1.0 ml. All reaction mixtures were buffered with 0.1 ml (10% final volume) of buffer A (400 mM-HEPES/NaOH, pH 7.4, and 25 mM-MgC1,) or when indicated, with buffer B (200 mM-imidazole/HCl, pH 7.5). All required enzyme additions were at 0.5 IU (International Unit), and cofactor and substrate concentrations ranged from 160-640 p~, except where indicated. In assays where no enzyme activity was detected, 0.1-5.0 IU of the commercially available purified enzyme being studied was added directly to the apparently negative complete reaction mixture.
Protein concentrations in the cell-free extracts were determined by the manufacturer's micro-assay technique using the Bio-Rad protein dye reagent concentrate with BSA as the standard. All other enzymes, cofactors and reagents were obtained from Sigma.
Details ofindividual assays. (i) Hexokinase (EC 2.7.1 . l ) was assayed by the method of Chou & Wilson (1975) .
(ii) Glucose-6-phosphate (G6P) dehydrogenase (EC 1 . 1 . 1 .49) was assayed by the method of Pollack et a/. (1965) .
NAD could not substitute for NADP in this reaction using extracts from 10 different Mollicutes (Pollack et a/., 1965 $ Heat-inactivated donor horse serum was used except for M . hyopneumoniue, where acid-adjusted swine serum (Friis, 1975) was used.
IU each of enolase, pyruvate kinase and lactate dehydrogenase. The reaction was started with 3 m~-3 -phosphoglycerate. (xxi) Enolase (EC 4.2.1 . 1 1) was assayed by method (xx), except that enolase was omitted and the reaction was started with 3 m~-2-phosphoglycerate.
Statistical analysis. We studied 2-16 different batches of each of the eighteen Mollicutes. All assays were done at two to five concentrations of each batch of cell-free extract to determine that the observed activity was proportional to the amount of extract added. The reaction rate was calculated from those periods of all trials where the reaction was linear (zero-order), i.e. the substrate concentration was apparently not limiting. The reaction rates calculated for each assay of the same strain of cells were pooled and averaged. The data are reported for each strain as nmol product synthesized min-' (mg protein)-' (mean SD). (The SD is reported only when n is 2 3.)
R E S U L T S
Enzyme activities of the hexose monophosphate shunt Enzyme activities of the HMS were found in cytoplasmic extracts of the three Acholeplasma species ( Table 2) . These are the two dehydrogenase reactions in Fig. 1 , block A, and the remaining HMS activities in Fig. 1 , block B. However, transaldolase activity was variously detected (Table 2 ). Such variation, using crude mollicute preparations, was also reported by Cocks et al. (I 985) . The six fermentative Mycoplasma species lacked the two dehydrogenases, only possessing the HMS activities shown in Fig. 1, block B . The two nonfermentative Mycoplasma species, M . hominis (all six strains studied) and M . bovigenitalium lacked all the HMS activities, except for ribulose-5-phosphate 3-epimerase activity.
Enzyme activities of' the Embden-MeyerhojlParnas path way
Cytoplasmic extracts of the three Acholeplasrna species and the six fermentative Mycoplasma species possessed all EMP reactions studied ( 
NA,
No activity was ever detected; we could detect l m I U enzyme activity in samples purchased from Sigma.
* Corresponds to reaction no. in Fig. 1 
No activity was ever detected; we could detect 1 mIU enzyme activity in samples purchased from Sigma * Corresponds to reaction no. in Fig. 1 (Table 3; and Fig. 1, block D) . The extracts from these Mollicutes lacked PFK and aldolase activities; PGI activity was present in both. dR5P aldolase activity, a reaction in which G3P is synthesized from the catabolism of DNA, was detected in all Acholeplasrna and Mycoplasma species except Mycoplasma sp. Let. 1 and M . gallisepticum (Table 3 ).
DISCUSSION
Our assays are all capable of detecting 0.001 IU of activity of commercially available enzymes in the presence of 70-80% (vlv) mollicute extract. Nevertheless, our assay conditions may not be similarly suitable for the detection of all mollicute enzyme activities and because these assays were done with crude cytoplasmic extracts competitive activities may be present. We therefore emphasize that the rates presented in Tables 2 and 3 should only be viewed qualitatively.
Notwithstanding, the presence of G6P dehydrogenase in all Acholeplasma spp. but in no Mycoplasma spp. confirms the studies of Pollack et al. (1965) and O'Brien et al. (1981) . In this work, we also found that Acholeplasma spp., but not Mycoplasma spp. have 6PG dehydrogenase activity. These observations may be taxonomically useful and relate to the nutrition of these organisms. Dehydrogenase activities are generally considered to be a major source of cellular NADPH, required for lipid biosynthesis. The absence of these dehydrogenase activities in all Mycoplasma spp. studied may be related to the greater growth-need for exogenous lipid by members of this genus. The balance of the HMS activities were detected in the Acholeplasma spp. and fermentative Mycoplasrna spp. The data suggest that these organisms have a functional HMS that may act as a connecting path that permits an interchange of carbons from the EMP pathway, DNA and RNA metabolism and aromatic amino acid biosynthesis. Aromatic amino acid synthesis, the shikimate pathway, is present in A . laidlawii, but absent in M . iowae and M . gallinarum (Berry et al., 1987) and M. mycoides Y (Rodwell & Mitchell, 1979) .
The two nonfermentative Mycoplasma spp., including all five strains of M . hominis, lack all HMS activities, except, inexplicably, ribulose-5-phosphate epimerase, which was found in every one. This activity may be the result of some unrecognized nonspecific enzyme activity.
Except for PFK activity, our study of the EMP pathway of fermentative Mollicutes is generally unremarkable (Table 3) . Hexokinase activity has been reported in Acholeplasma spp. and M . mycoides subsp. mycoides (Rodwell & Rodwell, 1954; Castrejon-Diez et al., 1963; Lanham et al., 1980 , Salih et al., 1983 Cocks et al., 1985) . We did not detect hexokinase activity in any fermentative Mollicutes. Our data suggest that hexokinase activity in cell-free extracts, using glucose as substrate, may not be a reliable identifier of all fermentative Mollicutes.
Of special interest was the observation that the three fermentative Acholeplasma spp. required PP,, but not ATP, as the phosphorus donor in the PFK reaction, while the six fermentative Mycoplasma spp. required ATP, but apparently not PP,. The PP,-requiring PFK of A . laidlawii B has been purified and characterized (Pollack & Williams, 1986) . The PP; requirement of the fermentative members of the Acholeplasma genus may have greater taxonomic value, after the EMP pathway of the nonfermentative Acholeplasma parvum is further studied (Atobe et al., 1983) . We have suggested that the PP, requirement of Acholeplasma spp. may also have phylogenetic significance (Pollack & Williams, 1986) . We detected the latter half, the threecarbon arm of the EMP pathway (Fig. 1, block D) , i.e. from G3P to PEP in all Mollicutes, whether fermentative or nonfermentative. A more rigorous distinction between fermentative
and nonfermentative Mollicutes, albeit more technically difficult to achieve, should perhaps include an estimation of the activity of the hexose portion of the EMP pathway, i.e. to determine if PFK or aldolase activity is present. The absence of PFK and aldolase activities in nonfermentative Mycoplusmu spp. and the presence of these activities in fermentative Mycoplasmu and Acholeplasma spp. suggests that these enzymes may be useful objects of a comparative study of the molecular divergence of enzymes and the phylogeny of these genera (Fothergill-Gilmore, 1986) .
All nonfermentative Mollicutes lack hexokinase, PFK and aldolase activities, but have PGI activity. We are unable to explain this curious observation. We speculate that the PGI activity may be the result of a relatively nonspecific isomerase of another metabolic pathway, or a remnant of some phylogenetic progenitor of these nonfermentative Mycoplasma spp. In contrast to our observation, O'Brien et al. (1981) , studying isoenzyme expression in 22 species of Mollicutes, reported PGI activity in twelve fermentative Mollicutes, but not in the seven nonfermentative Mycoplasmu spp. studied. These authors studied five strains of M . horninis, including strain PG21, which was included in our study. In strain 1105 they detected trace PGI activity, in the other four strains, no activity. We found activity in all seven strains of M . horninis, including PG21, and also in M . bocigenitalium. Besides the differences in extract preparation and assay technique, O'Brien et al. (1981) reported using G1P as the PGI reaction substrate, whereas we used G6P or F6P.
Our findings also emphasize the importance of dR5P aldolase activity in the metabolism of Mollicutes. Through the action of the dR5P aldolase, first reported in Mollicutes by Neale et al. (1983) , D N A may serve as a carbon and energy source for the growth of some Mycoplasrna spp. (Pollack & Hoffmann, 1982) . Cocks et al. (1985) reported a mutase in two other mollicutes, Ureaplusmu urealyticum and M . mvcoides. This mutase converts dR1 P from DNA to dR5P and R1 P from RNA to R5P. The dR5P is acted upon by the dR5P aldolase to synthesize G3P which enters the glycolytic path; the R5P enters the HMS directly. If the pathways are reversible, a route to the synthesis of nucleic acid precursors from the EMP pathway may be established. We believe the route to nucleic acid precursors also involves the dR1 P accepting purine-pyrimidine phosphorylase that we have found in Mollicutes (McElwain & Pollack, 1987) .
Although not every enzyme activity of the HMS and EMP pathway was detected in both directions ( Fig. 1 ) and in all Mollicutes tested, we believe that there is sufficient in uitro evidence to suggest that these pathways may be present and perhaps function in the whole cell and that they are linked to each other through F6P and G3P and in Acholeplasma spp. through G6P as well.
